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 With increasingly stringent standards for wastewater treatment plant effluent, the 
demand for technologies that are able to increase phosphorus removal while also 
recovering a valuable and marketable fertilizer product is growing. Aerobic granular 
sludge (AGS) is a promising technology that has demonstrated the ability to increase 
phosphorus removal while enhancing recovery through the precipitation of calcium 
phosphate minerals within the granule1–3. A rigorous understanding of precipitation 
mechanism and rate has been limited by simultaneous biological uptake and release of 
phosphate and cations. As a result, more work is needed to better understand how to 
control and enhance mineral precipitation within the polymeric matrix of the granule as 
well as how the pre-existing mineral phases within the granule influence recovery. To 
address this issue we performed precipitation experiments using AGS and solutions 
supersaturated with respect to hydroxyapatite and CaHPO4. We monitored the solution 
characteristics (pH, and [P]) in order to quantify the impact of calcium pre-enrichment on 
the extent and rate of phosphate removal with aerobic granular sludge. Our results 
showed that the use of calcium enriched granules significantly enhances the extent and 
rate of phosphorus removal. The final phosphorus concentration decreased from 1.64 
mM of P to 1.06 mM of P when comparing calcium enriched granules to the abiotic 
control. The rate also increased from 1.9 to 11.2 day-1 with the presence of calcium 
enriched granules. Additionally, a lack of fines production indicated that precipitation 
was promoted within the granule EPS matrix.  Results have also indicated that calcium 
pre-enrichment increases the transition from amorphous calcium phosphate to more 
stable forms. XRD analysis resulted in a solids spectra that contained peaks 
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characteristic of hydroxyapatite, suggesting that more crystalline forms of calcium 
phosphate were deposited within the granules over time. SEM imaging showed an 
increase in phosphorus and calcium within the granules. Overall, this work identifies 
conditions under which aerobic granules enhance mineral phosphate precipitation and 
suggests that calcium treated granular sludge can be used to recover phosphorus as a 
stable calcium phosphate mineral. Future work will identify the solubilities of the 
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CHAPTER 1: INTRODUCTION 
Phosphorus (P) is one of the major macronutrients required for plant growth and 
as a result there is a significant demand for soluble synthetic phosphorus based 
fertilizers for food production4,5.  Along with global population, the demand for 
phosphorus is continuing to grow4,5, with a transition to more phosphorus rich diets 
containing highly processed foods and meat. Although, phosphorus is vital for 
agriculture and food production, excess P in surface waters is detrimental to 
environmental health. Excess phosphorus in surface waters can lead to eutrophication 
and dissolved oxygen depletion. Depletion of dissolved oxygen can lead to the death of 
aquatic organisms and plants and decreases the economic value of vital water bodies6–
8. To protect surface waters from these negative effects wastewater treatment plants are 
widely regulated to prevent the export of high levels of phosphorus to surface waters.  
Figure 1 displays a phosphorus mass balance for the United States in 2012. As 
can be seen from this figure, animal production produces a large quantity of P 
containing manure which could be utilized as a significant P waste stream for recovery. 
Animal manure is either consciously reapplied to fields, left on fields, or considered 
excess manure that is not reused. In 2012, approximately 1.6 MMT of P were produced 
and a significant portion (.54 MMT of P) was designated as excess animal manure9–11. 
Literature has reported that the P concentration of various animal manures can vary 
from 21 to 1,376 mg/L of PO43- -P and that after digestion the P concentration can vary 
from 29 – 450 mg/L of PO43- -P12–19. This stream of excess manure could serve as a 
significant stream for recovery due to the high P concentration as well as the presence 
of co-precipitating cations.  
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In the United States many high flow wastewater treatment plants (WWTPs) will 
be expected to reduce their effluent discharges to below 1 mg/L of phosphorus in the 
coming years. With advancements in wastewater treatment technologies many large 
WWTPS are now viewed as water resource recovery facilities (WRRFs) in order to fully 
tap into the nutrients and resources that flow through these plants20. As can be seen in 
figure 1 the flow of phosphorus through WWTPs in the United States is significant (0.24 
million metric tons of P (MMT P)) and although other waste streams have higher flows, 
recovery at WWTPs is attractive because this flow is highly regulated and phosphorus 
removal is already required. Many of the phosphorus recovery technologies that are 
currently being explored are attractive because they can allow WWTPs and WWRFs to 
meet more stringent nutrient limits while also recovering valuable products that will allow 
facilities to recover the capital and operating costs of these new technologies21–23. The 
need for P recovery is clear and will allow society to prevent environmental degradation 
while also allowing WRRFs to recover valuable products that can close our 






Figure 1: Sankey diagram illustrating the United States phosphorus mass balance for 
2012. 
 
Many currently available P recovery technologies focus on mineral recovery through 
magnesium phosphates (MgP) and calcium phosphates (CaP). Mineral precipitation 
requires a supersaturated solution where the ion activity product (the number of ions 
dissolved in solution) is greater than the mineral’s solubility product and in many cases 
P recovery technologies require co-ion addition to enhance precipitation24.  P recovery 
with magnesium phosphates has included struvite, potassium struvite, and 
dittmarite25,26. While the magnesium phosphates listed above follow a classical 
nucleation pathway, calcium phosphate (CaP) precipitation is believed to follow a non-
classical nucleation pathway and the formation of crystalline apatite first requires ACP 
formation27. As a result most calcium phosphate recovery technologies have focused on 
amorphous calcium phosphate (ACP), octacalcium phosphate (OCP), dicalcium 
phosphate dihydrate (DCPD), and hydroxyapatite (HAP).  
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Aerobic granular sludge systems have emerged as a promising technology due to 
their ability to remove and recover phosphorus from wastewater while also reducing the 
footprint and energy requirements of wastewater treatment plants28,29. Aerobic granules 
are characterized by a layer structured with an aerobic outer layer and anaerobic or 
anoxic inner layers that allows for a functionally diverse microbial community composed 
of nitrifiers, denitrifiers, and polyphosphate accumulating organisms28–32. The ability to 
retain such a functionally diverse community allows phosphorus and nitrogen removal to 
occur through enhanced biological phosphorus removal and either simultaneous 
nitrification denitrification (SND) or alternating nitrification denitrification (AND)28,30. 
The ability to achieve enhanced phosphorus removal with aerobic granular sludge 
has been well documented however the ability to recover phosphorus as magnesium 
phosphates or calcium phosphates is a less explored research area24,28,33,34.  Previous 
studies have demonstrated that aerobic granular sludge can be used to enhance the 
recovery of phosphorus through the precipitation of calcium phosphate minerals within 
the granule 1–3. Many studies have suggested that P mineral precipitation occurs in 
granules based on the supersaturation of various magnesium phosphate and calcium 
phosphate minerals caused by the biological activity of nitrogen and phosphorus 
removing organisms29,33,35. Calcium phosphate and magnesium phosphate minerals 
have been identified and characterized in granular sludge using Scanning Electron 
Microscopy coupled with Energy Dispersive X-ray analyses (SEM-EDX) and X-ray 
Diffraction analyses (XRD)2,24,36–40. However, a rigorous understanding of precipitation 
mechanism and rate has been limited by simultaneous biological uptake and release of 
phosphate and cations. As a result, more work is needed to better understand how to 
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control and enhance mineral precipitation within the polymeric matrix of the granule as 
well as how the pre-existing mineral phases within the granule influence recovery. This 
work aims to address this issue by quantifying the impact of calcium pretreatment on 
the extent and rate of phosphate removal within aerobic granular sludge. We aimed to 
study the rate and removal of phosphorus by calcium pretreated granular sludge by 
monitoring P removal as well as the release of protons into solution as calcium is 
removed during calcium phosphate precipitation. We also utilized SEM-EDX and XRD 
to determine the retention of calcium phosphate within the granules and the mineral 
phases that were formed. By combining these approaches we were able to further study 





CHAPTER 2: LITERATURE REVIEW 
2.1 Overview of Aerobic Granular Sludge and Nutrient Removal  
Aerobic Granular Sludge (AGS) was first noted and observed in an aerobic 
upflow sludge blanket in 1991 and cultivated in a sequencing batch reactor in 
199729,41,42. Most AGS systems are not operated as SBRs and granules are formed 
from the densification of flocculent sludge under selective pressures such as increased 
hydrodynamic shear forces, decreased settling times, and selective sludge wasting 
procedures29,30,43. These selective pressures allow for the selection of dense granules 
and washout lose flocculent sludge30. Granules are also characterized by their improved 
settling characteristics and lower water content when compared to traditional flocculent 
sludge43–45. AGS varies from traditional flocculent sludge in terms of visual appearance 
and physical characteristics and has been defined by the International Water 
Association (IWA) as microbial aggregates that have a significantly higher settling 
velocity than activated sludge and that do not stiffen or cake with reduced shear 
force29,35. AGS technology improves upon traditional activated sludge technologies 
because it provides improved sludge settling and retention times, simultaneous nitrogen 
and phosphorus removal, high biomass concentrations, and the ability to treat high 
strength wastewaters46–48.  
AGS is primarily composed of extracellular polymeric substances, 
microorganisms, and chemical precipitates29,49. The term extracellular polymeric 
substances (EPS) includes polysaccharides, proteins, and nucleic acids. These 
polymers serve as the supporting matrix for the microorganisms found in granules and 
are excreted by bacteria43,50–53. Additionally, previous work has found that EPS is 
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segregated throughout the granule with the majority of polysaccharides found along the 
outer portion of the granule and proteins mainly dispersed within the granule43,54. AGS 
has shown an affinity for binding divalent cations including calcium and magnesium and 
some researchers have suggested that this is because of the negatively charged EPS 
found in AGS, specifically proteins and anionic alginate-like polysaccharides29,40,43,54,55. 
The majority of these studies suggest that the divalent cations serve as linkages 
between the negatively charged EPS molecules therefore increasing the strength of 
granules and also increasing granulation in general55–58. 
As stated above EPS serves as a matrix to support the AGS microbial community, 
however, the microorganisms that are embedded within the EPS matrix are also self-
segregated within the granules30. The dense structure of the granules creates a 
dissolved oxygen gradient within the granule and due to these oxygen mass transfer 
limitations an aerobic outer layer and anaerobic/anoxic core are formed within the 
granule30,59,60. This allows for a diverse microbial community consisting of nitrifiers, 
denitrifiers, and polyphosphate accumulating organisms all within one granule.   
This diverse microbial community is able to remove organic carbon, nitrogen, and 
phosphorus in one reactor when operated under optimized conditions29,61,62. AGS 
systems can be optimized to perform either simultaneous nitrification denitrification or 
alternating nitrification denitrification and enhanced biological phosphorus removal 
33,48,63,64. Nitrification involves the oxidation of ammonia or ammonium to nitrite and the 
subsequent oxidation of nitrite to nitrate65,66. Nitrate is then reduced to nitrogen oxides 
and ultimately nitrogen gas during denitrification65,66.  Optimized aeration strategies can 
be used to maintain successful simultaneous nitrification denitrification (SND) and 
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alternating nitrification denitrification (AND), optimized aeration conditions prevents 
incomplete nitrogen removal and the buildup of nitrate and nitrite in the treated 
water35,46. Complete nitrogen removal can be achieved through either simultaneous 
nitrification and denitrification during the aerobic cycle or alternating nitrification and 
denitrification with the use of an aerobic stage for nitrification and an anoxic stage for 
denitrification46,67. SND requires moderate oxygen concentrations in the bulk liquid such 
that complete oxygen penetration into the biofilm is limited, resulting in both aerobic and 
anoxic biofilm layers so that nitrification can occur in the aerobic layer and denitrification 
can occur in the anoxic layer24,35,46,68,69. AND does not aim to achieve both nitrification 
and denitrification during the aerobic phase and instead requires an aerobic phase for 
nitrification and an anoxic phase for denitrification.  
EBPR is a biological nutrient removal technology that was first noted and developed 
in the 1950s70. These treatment systems are run under specific operating conditions in 
order to enhance the growth of polyphosphate accumulating organisms (PAOs)70. PAOs 
are able to store phosphorus in their cells as polyphosphate, a phosphorus rich energy 
storage molecule. This uptake and storage of phosphorus as polyphosphate allows 
EBPR biomass to remove approximately 0.06 to 0.15 mgP/mgVSS compared to the 
0.02 mgP/mgVSS that is taken up in traditional activated sludge systems70–73. In a 
flocculent sludge EBPR system the phosphorus is then removed from the system by 
wasting the phosphorus rich sludge70.  
A basic EBPR system uses an anaerobic tank followed by an aerobic tank and then 
a clarifier which allows the sludge mass to settle out and the treated effluent to leave the 
tank. Treatment begins in the anaerobic tank where activated sludge is mixed with the 
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wastewater being treated, through this process volatile fatty acids (VFAs) are provided 
for the PAOs or VFAs are produced by the anaerobic fermentation of incoming carbon 
sources. PAOs then degrade cellular polyphosphate stores in order to generate ATP 
which provides the energy necessary to uptake VFAs. This process allows PAOs to 
uptake VFAs and store carbon as poly-β-hydroxyalkanoates (PHAs) for growth during 
the aerobic cycle. However, the degradation of polyphosphate leads to the release of P 
into the bulk solution and spikes in bulk solution P concentrations, these P spikes are 
characteristic of a functioning EBPR system. Other heterotrophic bacteria in the reactor 
are not able to utilize VFAs under anaerobic conditions which allows this PAO 
biochemical pathway to proceed without competition from other organisms. Under 
aerobic conditions the PAOs then use the stored PHAs as both a carbon and energy 
source for growth as well as an energy source for the regeneration of their 
polyphosphate stores. The regeneration of polyphosphate stores requires the uptake of 
P from the bulk solution and leads to more P uptake than what was released during the 
anaerobic stage. This excess uptake of phosphorus is known as “luxury” P uptake and 
is what characterizes EBPR70,74–78. When operating correctly EBPR plants can reduce 
effluent phosphorus concentrations to below 1 mg/L70.   
Additionally, when operated as an EBPR system, aerobic granular sludge can 
increase phosphorus removal while also decreasing the required size of the treatment 
system. In EBPR systems chemical phosphorus precipitation has been noted as a 
mechanism for P removal and similar observations have been noted in AGS systems29. 
Although multiple studies have demonstrated simultaneous nitrogen and phosphorus 
removal there have been multiple documented cases of inhibited nitrogen or 
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phosphorus removal. When SND or AND are coupled with EBPR systems, complete 
nitrogen removal can be limited due to a lack of available COD for both phosphorus 
removal and denitrification48. However, these limitations can be avoided through the use 
of denitrifying PAOs (dPAOs). dPAOs are similar to PAOs in that they are able to 
uptake VFAs in the anaerobic cycle by using polyphosphate as an energy molecule 
however, instead of P uptake during a subsequent aerobic cycle dPAOs are able to use 
nitrate or nitrite as their electron acceptor77,79,80. This allows dPAOs to remove both 
phosphorus and nitrogen during an anoxic cycle which also reduces the operating costs 
for this system48. With the presence of both PAOs and dPAOs in AGS systems both 
nitrogen and phosphorus can be removed using anaerobic and aerobic cycling. 
Anaerobic feeding of the reactor allows for conventional P release. When followed by an 
aerobic stage this P can be taken up by PAOs in the aerobic outer layer of the granule 
and taken up by dPAOs present in the anoxic inner layer/core of the granule. 
Additionally, nitrogen can be removed during the aerobic stage by nitrifying organisms 
present in the aerobic layer, the nitrate produced can then be transformed to nitrogen 
gas by denitrifying organisms present in the inner anoxic layer28,33,35,48.  
2.2 Phosphorus Recovery with Aerobic and Anaerobic Granular Sludge  
Aerobic granular sludge systems have been shown to increase phosphorus 
removal and close examination of these granules has shown that phosphorus 
accumulates in the core as phosphate minerals, demonstrating the ability to recover 
phosphorus through the precipitation of P minerals containing calcium and magnesium 
phosphates40,81. Calcium phosphate solubility is low enough that these phases can form 
in the anaerobic zones of both suspended and granular enhanced biological 
11 
 
phosphorus removal (EBPR) systems73,78. P minerals are able to form because while 
the target effluent of EBPR systems is below 1 mg/L, anaerobic release of phosphorus 
by PAOs can lead to P rich environments with concentrations typically above 75 mg/L, 
creating solutions that are favorable for calcium and magnesium phosphate mineral 
precipitation2,24,35,40,48,68,82–84.  
In AGS systems, many conditions within the granules can enhance P 
precipitation beyond the conditions found in the bulk solution. In granular sludge 
systems mass transfer limitations caused by the dense biofilms can create DO 
gradients and biological reaction gradients. These gradients can lead to different pH 
levels and ionic concentrations (specifically phosphorus, calcium, magnesium, and 
potassium) throughout the granule, creating regions supersaturated for various P 
minerals2,24,31.  
Numerous studies have documented the accumulation of P minerals in AGS.  
Huang et al. found that in EBPR-AGS, cell biomass accounted for 73.7% of the P, EPS 
contained 17.6% of the P, and 5.3 – 6.4% of the P was accumulated in minerals. The 
phosphorus in the EPS included polyphosphate and orthophosphate while the P in cells 
included organic phosphorus and pyrophosphate. The minerals in the core of the 
granules were identified as hydroxyapatite and amorphous calcium phosphate 
(Ca3(PO4)2) using X-ray Diffraction (XRD)85.  Additional work by Huang identified HAP 
and iron phosphate Fe7(PO4)6 in nitrifying aerobic granular sludge, the total phosphorus 
was found to be 61.4 to 67.7% inorganic phosphorus with 61.9 to 70.2% of this P being 
non-apatite inorganic P86. Additional studies have reported magnesium calcium 
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phosphate minerals in the form of Ca7Mg2P6O2 as well as calcium phosphate hydrate, 
carbonated hydroxyapatite, and hydroxyapatite within AGS 36,87.  
Biologically induced phosphate precipitation is an important P removal 
mechanism in granular sludge systems. Biologically induced pH gradients can occur 
within the granule and along with the increased sludge retention time in the reactors, 
these characteristics can enhance the precipitation and formation of phosphorus 
minerals within AGS68. Also, the presence of cationic bridges within the EPS matrix can 
encourage mineral precipitation by serving as improved mineral nucleation sites86,87.  A 
study with minimal biological phosphorus removal (demonstrated by minimal P release 
during the anaerobic stage) achieved P removal primarily via precipitation and reported 
a P removal associated with precipitation percentage of 32.9%. In this case the P was 
removed and recovered primarily as calcium magnesium phosphate (Ca7Mg2(PO4)6) 
and Whitlockite (Ca3(PO4)2)68.   In a system operated using a batch airlift reactor 45% of 
the total P removal was attributed to biologically induced phosphorus precipitation24. In 
this system both enhanced biological phosphorus removal and biologically induced 
phosphorus precipitation occurred. The primary mineral species identified was HAP and 
this was supported with analyses using SEM-EDX, XRD, and Raman spectroscopy24.  
When operating an EBPR-AGS system operation conditions such as anaerobic feeding, 
high flow rates, and high aeration rates as well as conditions that enhance denitrification 
were suggested in order to enhance HAP precipitation24. A secondary study by Manas 
demonstrated that maintaining a high pH in their airlift SBR increased P removal due to 
precipitation however it inhibited P removal due to EBPR activity2. These studies have 
demonstrated that biologically induced mineral precipitation is an important mechanism 
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in AGS systems both with and without high EBPR activity. However, very few of these 
studies were able to understand the kinetics and formation rates of various P minerals, 
and to the best of my knowledge Manas et al., 2012 is one of the few studies that 
explored the kinetics of P removal and P mineral precipitation. As a result, the work 
presented here aimed to contribute to this research area and gain a better 
understanding of mineral precipitation within an AGS matrix.  
 P precipitation within anaerobic granular sludge has been observed as well. 
Multiple studies have been completed within this realm by the Buisman Lab. Tervahauta 
et al., observed P rich anaerobic granular sludge with a weight percent of 11-13% P and 
HAP, calcium phosphate hydrate, and carbonated HAP minerals36. Cunha et al., was 
then able to demonstrate that pH increases in the core of anaerobic granules due to 
methanogenic organisms. This increased pH created an environment supersaturated 
with respect to multiple calcium phosphate minerals within the core of the granule. They 
were also able to demonstrate that calcium phosphate deposits increased with granule 
size suggesting that mineral deposits increase with granule age and are able to be 
maintained within the granular biomass38. These studies with anaerobic granular sludge 
are similar to that of aerobic granular sludge in that they support the idea that 
biologically induced microenvironments can enhance the precipitation and retention of P 
minerals within granular biomass.  
2.3 Common Recovered Phosphorus Minerals  
In terms of phosphorus recovery, magnesium phosphates and calcium 
phosphates are the most well studied phosphorus minerals. Iron phosphorus minerals 
have also been documented to form in activated sludge systems that utilize chemical 
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precipitation methods, however chemical precipitation is rarely used in AGS systems 
and therefore will not be discussed in detail in this review.  
Numerous magnesium phosphate minerals have been documented or predicted 
to form in wastewater streams. These include struvite (MgNH4PO4⋅6H2O), k-struvite 
(KMgPO4⋅6H2O), newberyite (Mg(PO3OH)⋅3H2O), dittmarite (MgNH4PO4⋅8H2O), and 
trimagnesium phosphates25,88. The magnesium phosphate phases most relevant to P 
recovery are struvite and k-struvite and as a result these have traditionally been the 
most well studied phases for P recovery in wastewater streams25,88.  
Calcium phosphate minerals are also being explored as a mineral for P recovery. 
Calcium phosphate precipitation differs from that of magnesium phosphates because it 
does not follow a classical nucleation pathway27. There are numerous calcium 
phosphate minerals that can form in wastewater streams including amorphous calcium 
phosphate (Ca3(PO4)2), octacalcium phosphate (Ca8H(PO4)6⋅5H2O), dicalcium 
phosphate dihydrate (CaHPO4⋅2H2O), and hydroxyapatite (Ca10(PO4)6(OH)2). 
Hydroxyapatite is the most insoluble phase and is the most thermodynamically stable, 
however despite this thermodynamic favorability the kinetics of HAP formation are 
relatively slow and therefore it does not form first in solution and instead requires the 
formation of a precursor phase such as ACP27,89. It is now relatively accepted that 
calcium phosphate forms via a non-classical nucleation pathway that begins with the 
formation of prenucleation clusters (figure 2). These prenucleation clusters are loosely 
associated nanometer sized calcium triphosphate complexes that then aggregate to 
form three dimensional polymer like chains. With the addition of calcium ions the three 
dimensional polymers condense to form amorphous calcium phosphate. ACP is then 
15 
 
transformed to octacalcium phosphate and apatite with the continual addition of calcium 
ions. This transformation from ACP to apatite was visualized with the transformation of 
spherical shaped ACP to ribbon shaped OCP, and finally to plate shaped apatite. 
Additionally, the transformation from ACP to apatite can be characterized by a transition 
from a calcium to phosphorus ratio of .67 to one of 1.3327,90,91.     
 
Figure 2: The figure displays octacalcium phosphate formation from prenucleation 
clusters following a non-classical nucleation pathway. The transformation of CaP 
polymers to ACP and OCP requires binding of calcium to protonated phosphate 
species. The binding of calcium also releases protons into solution and as a result drops 
in solution pH after steps 2, 3, and 4.  
 
 Previous work has also suggested that the presence of polysaccharides and 
proteins can induce the nucleation of ACP. These studies have found that the negative 
charge of these polymers allows for the binding of calcium which then induces ACP and 
subsequently apatite nucleation90. Additional studies have found that collagen also 
𝐶𝑎2+ 
𝐶𝑎2+ 
2. Polymer formation  
3. ACP  
1. Prenucleation clusters 





serves as a surface for ACP infiltration and nucleation92. These polymeric surfaces 
provide a lower interfacial energy, where interfacial energy is defined as the excess free 
energy of the surface. Lower interfacial energies reduce the free energy barrier which 
enhances nucleation rates27,92. Overall these studies suggest that a dense polymeric 
matrix such as the one found in AGS could serve as a nucleating surface for ACP and 
encourage calcium phosphate precipitation.   
2.4 Current Phosphorus Recovery Technologies  
Current P recovery technologies focus on recovery in the form of calcium 
phosphates and magnesium phosphates. These technologies are often applied with 
systems using phosphorus rich waste streams. Calcium phosphates are attractive for P 
recovery because HAP is a relatively stable and insoluble mineral, HAP is also 
comparable to phosphate rock which allows for the direct reuse of recovered HAP within 
current phosphate rock processing lines93. MgPs such as struvite and k-struvite on the 
other hand are more soluble than HAP and due to their nitrogen content they cannot be 
easily used as a phosphate rock substitute, however, the presence of both nitrogen and 
phosphorus makes struvite attractive as a fertilizer product93. Numerous full scale and 
lab scale technologies have been proposed and implemented for the recovery of MgPs 
and CaPs. The most promising technologies will be described below.  
 
CRYSTALACTOR®:  
The CRYSTALACTOR® was developed by DHV Water in the Netherlands in the 
1990s. This technology utilizes a fluidized bed reactor seeded with sand to recover 
heavy metals, phosphate, and fluoride. In the case of phosphorus, the reactor 
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crystallizes and recovers calcium phosphate. This reactor was installed at multiple 
wastewater treatment plants in Germany in the early 1990s and in these cases the 
EBPR sludge supernatant was used as the reactor influent. This influent contained 60-
80 mg/L of P and the reactor was able to achieve 70-80% phosphorus removal and 
separation from the liquid stream. This removal was achieved through calcium addition 
and pH maintenance at approximately 993. Beyond these plants in Germany, the 
technology has been used at DHV partner organizations and plants in South Africa94,95. 
There is little reported information on the function and use of these reactors at 
wastewater treatment plants in recent years. It is clear from the lack of pilot scale and 
full-scale calcium phosphate recovery installations that there is a need for calcium 
phosphate recovery systems and research in this area.  
 
PHOSPAQ®:  
PHOSPAQ® was developed by Paques and utilizes a continuously stirred tank 
reactor (CSTR) design. This technology utilizes rejection water from sludge dewatering 
systems, this influent is aerated and mixed with MgO to precipitate struvite96,97. The use 
of MgO prevents the need to use both NaOH and MgCl296,97. Full scale systems are 
currently installed in the Netherlands where the systems receive 2400 – 3600 m3/day 
which allows the systems to recover .8 – 1.2 tons of struvite per day96,97. The systems 
receive P loads of approximately 60 – 65 mg/L and can achieve P removal efficiencies 






AirPrex® is a P recovery technology that utilizes anaerobic sludge to recover 
struvite98. When first implemented the primary goal of this technology was to prevent 
scaling from struvite formation and P recovery was a secondary benefit96,97. The 
anaerobic sludge is mixed with magnesium chloride in a CSTR tank which allows for the 
formation of dense struvite crystals that then settle out of the sludge96,97. The struvite 
can then be collected from the bottom of the reactor, cleaned, and sold as Berliner 
Pflanze®96. When coupled with sludge disintegration technologies AirPrex® systems can 
achieve removal efficiencies of 80 – 90%96,97,99. This technology has been implemented 
at WWTPs in Germany and the Netherlands where the systems receive input flows of 
1600 – 2000 m3/day resulting in the production of 1 – 2.5 tons of struvite per day96.  
 
NuReSys®:  
NuReSys® is another CSTR based technology that utilizes anaerobically 
digested sludge and effluent to recover P as struvite96,97. Struvite precipitation is 
enhanced by air stripping and the addition of MgCl2 and NaOH. Systems are currently 
installed in Germany and Belgium where they receive input flows varying from 1920 to 
2880 m3/day96,97. The installations receive influents with P concentrations varying from 
60 to 150 mg/L and are able to achieve 85% P removal96,97. The systems are able to 
recover 1.43 to 1.58 tons of struvite per day which is then sold as Biostru and exported 






Phosnix® varies from the technologies discussed above in that it utilizes a 
fluidized be reactor for P recovery96,97. Like the technologies discussed above the 
system recovers struvite and utilizes digested wastewater and sludge96,97. In this system 
NaOH and MgCl2 are added to the influent to recover struvite at a rate of .5 - .55 tons 
per day96,97. Multiple systems have been implemented in Japan where they receive 650 
m3/day and achieve 90% removal efficiency96,97.  
 
Ostara Pearl®: 
Ostara Pearl® was developed by researchers at the University of British 
Columbia and is also based on a fluidized bed reactor design96,97. The reactor is fed 
with sludge dewatering liquid, MgCl2, and NaOH to drive the precipitation and recovery 
of struvite as Crystal Green Fertilizer96,97. Multiple systems have been implemented 
within the United States and the reactors are fed with approximately 500 m3/day of 
influent with an incoming P concentration of 100 to 900 mg/L depending on the 
installation site96,97. These systems are able to recover .5 to 4 tons of Crystal Green and 
are able to achieve 85% P removal efficiency96,97. Despite high P removal efficiency 
many of these systems face problems recovering P and experience lower levels of P 
recovery due to high fine particle production rates96,97. 
 The majority of the systems described above focus primarily on the recovery of 
phosphorus through chemical precipitation with a sidestream technology. Calcium 
phosphate recovery with aerobic granular sludge can vary from these technologies 
because precipitation occurs within the granule during the mainstream treatment 
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process which would allow for more compact treatment plant design. Additionally, the 
technologies discussed above are all able to achieve successful rates of p removal 
however the retention and recovery of the phosphorus minerals produced is still and 
issue100. P recovery with granular sludge is attractive because the nucleating surface 




CHAPTER 3: MATERIALS AND METHODS 
3.1 Experimental Overview 
Multiple cycles of precipitation experiments were run using aerobic granular 
sludge treated with varying calcium chloride solutions. In these experiments we were 
able to examine the impact of calcium enrichment on the ability to enhance and control 
the precipitation of calcium phosphate within a granular sludge matrix. The enrichment 
conditions varied from no pretreatment to 100 mM CaCl2 pretreatment, when 
pretreatment was used the granules were soaked in the appropriate CaCl2 solution for 
16 hours. Additionally, through SEM-EDAX and XRD analyses we were able to examine 
the development of calcium phosphate minerals after multiple precipitation cycles.  
                    
Figure 3: Granule precipitation experimental overview. The key aspects of the 
experiments are shown in this figure including pretreatment of the granules, monitoring 





3.2 Solution Preparation  
Visual MINTEQ 3.1 was used to design calcium phosphate solutions 
supersaturated with respect to both CaHPO4 (SI =1.2) , amorphous calcium phosphate 
(SI = 2.15), and hydroxyapatite (SI =13.7). The solution used for the experiments was 
composed of 2.2 mM phosphorus and 3.1 mM calcium with a predicted pH of 
approximately 7.8. The phosphorus concentration in the experimental solutions was 
also selected to reflect the phosphorus concentrations of an enhanced biological 
phosphorus removal system during the anaerobic cycleas well as centrate and 
anaerobic digestate waste streams 2,24,35,40,48,68,82–84. Experimental solutions were 
prepared using calcium chloride, monobasic sodium phosphate, and dibasic sodium 
phosphate stock solutions.  The stocks solutions were prepared by dissolving research 
grade salts (NaH2PO4·H2O, Na2HPO4, and CaCl2; Sigma-Aldrich, USA) in distilled water 
and then well-mixed using magnetic stirrers. 
3.3 Granule Preparation  
Waste aerobic granules harvested from an enhanced biological phosphorus 
removal granular sludge reactor were used for all experiments. The granules used 
ranged in size from .2 to 1 mm and were relatively uniform and circular in shape.          
          
Figure 4: Aerobic granular sludge sample suspended in tap water.  
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The granules were stored for approximately 2 years and it was assumed that all stored 
and available carbon was depleted, therefore minimizing biological P uptake during the 
precipitation experiments. The precipitation experiments were performed in five phases 
and all of the precipitation experiments were performed using the same granules. For 
the first phase of experiments the granules were soaked in 100 mM CaCl2 solution for 
16 hours prior to the start of each precipitation experiment in order to enrich the 
granular matrix with calcium. After soaking the excess CaCl2 solution was drained from 
the granules to prevent excess CaCl2 solution from being introduced to the experimental 
solution and altering the superstation.  This granule preparation step was repeated for 
seven precipitation experiments until a stable phosphorus removal rate was achieved 
for the system. Phase two experiments used the granules from phase one and the 
granules were not treated with calcium prior to their use in the experiments, three 
precipitation experiments were performed at this condition. For phase three the 
granules were treated with calcium by soaking the granules in 50 mM CaCl2 solution for 
16 hours and then drained prior to each precipitation experiment and three precipitation 
experiments were performed at this condition. For phase four the granules were treated 
with calcium by soaking the granules in 25 mM CaCl2 solution for 16 hours and then 
drained prior to each precipitation and 3 experiments were performed at this condition. 
For the final phase the granules were treated with calcium by soaking the granules in 5 
mM CaCl2 solution for 16 hours and then drained prior to each experiment, three 





Table 1: Experimental phases used for precipitation experiments with granules 
Phase  Calcium Pretreatment  Number of Precipitation 
experiments  
1 100 mM CaCl2 7 
2 0 mM CaCl2 
*no pretreatment  
3 
3 50 mM CaCl2 3 
4 25 mM CaCl2 3 
5 5 mM CaCl2 3 
 
3.4 Granule precipitation experiments  
The precipitation experiments were performed in cylindrical flow cell reactors at 
room temperature (23 °C ± 3 °C). The reactors were composed of 1.5 inch diameter 
PVC pipes and had a working volume of 0.25 L. 3.1 mm diameter tubing was used to 
connect the reactor to a 250 mL beaker which served as the liquid reserve container. 
The liquid was recirculated through the reactor and the reserve container using a 
peristaltic pump at a rate of 15 mL/min. Prior to the start of the precipitation experiments 
aerobic granules were seeded in the reactor at a loading rate of 60 g/L. After granule 
loading the synthetic wastewater was added to the reactor and the liquid reserve 
container and recirculated at a rate of 15 mL/min. Filtered and unfiltered liquid samples 
were taken periodically from the liquid reserve container and acidified with nitric acid so 
that the final samples contained 3% nitric acid. Liquid samples were filtered using 0.22 
µm syringe filters (Simsii, .22 µm PVDF membrane filter, USA). Unfiltered liquid 
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samples were also collected and the turbidity was measured using the Hach 
Turbidimeter.  Individual granules were collected before and after each precipitation 
experiment for solids analyses. A maximum of two to three granules were collected after 
each precipitation experiment and the change in granule loading rate for each 
precipitation experiment was negligible (± .3g). pH was continuously monitored in the 
liquid reserve container using an atlas scientific pH probe and raspberry pi 3 
minicomputer monitoring system. An example of a typical pH curve and sampling points 
are shown in figure 5, the timing of liquid samples were selected to coincide with drops 
in pH. The drops in pH reflect the binding of calcium to H2PO4- and HPO42- species 
during the formation of ACP and OCP which results in the release of protons.  
 
Figure 5: Raw data from 100 mM pretreatment condition showing the pH curve collected 






3.5 Control Precipitation Experiments  
Two abiotic control experiments were performed. The first control set-up was 
performed in parallel with the granule precipitation experiments with the same solution 
composition (2.2 mM P and 3.1 mM Ca) and without granule seeding. Additionally, 
precipitation experiments were performed without granule seeding and with a solution 
composed of 2.2 mM P and varying calcium concentrations: 2.5, 3.3, 4.1, and 5.1 mM. 
These experiments were included to contextualize the performance of calcium enriched 
granules in terms of total P removal and rate.  
3.6 Liquid Sample Analyses  
The total phosphorus concentration in filtered liquid samples was measured 
using the Hach High Range Molybdovanadate Test 'N Tube™ Method (Hach, USA). 
This method includes an acid potassium persulfate digestion and colorimetric 
phosphorus quantification using molybdovanadate reagent. The phosphorus and 
calcium concentrations of both filtered and unfiltered samples were measured using 
ICP-OES. Unfiltered liquid samples were also used to monitor the fines produced in the 
reactor, with the fines quantified using the Hach Turbidimeter (Hach, CO, USA). 
Turbidity measurements were taken as the unfiltered samples were collected to prevent 
changes in fines concentration and structure during storage.  
3.7 Solid Sample Analyses  
Individual granules were collected prior to any treatment or precipitation 
exposure and collected after each precipitation experiment for imaging. Prior to imaging, 
granule samples were fixed in Karnovsky's fixative which is composed of 2.5% 
glutaraldehyde and 2% paraformaldehyde for at least 24 hours and then rinsed with 
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deionized water. The granules were then dehydrated in 20%, 40%, 60%, 80%, 90%, 
and 100% ethanol solutions for 20 minutes in each solution. The dehydrated granules 
were then critical point dried and embedded in epoxy (Sigma-Aldrich, USA). The 
embedded granule samples were then sliced using an ultramicrotome to expose the 
granule core. The excess epoxy was coated in silver paint while the granule was left 
exposed and the entire sample was carbon coated using a Denton Vacuum Bench Top 
Turbo III carbon evaporator for improved image quality (Denton Vacuum, NJ, USA). 
Granule imaging was performed with an FEI Quanta FEG 450 Field Emission 
Environmental Scanning Electron Microscope (FEI ESEM) coupled with Energy 
Dispersive Spectroscopy (EDS). SEM Imaging was performed under high vacuum 
conditions and point, line, and area map scans were collected using the ESEM-EDS 
capabilities.  
Following the five precipitation experiment phases, all of the granules were 
collected for X-Ray Diffraction (XRD) analysis. Granules were dried at 105 °C for 12 hrs 
and ground down. The dried and ground samples were then analyzed using a Siemens 
Bruker D-5000 XRD System with a copper tube scattering from 4-70° in 2θ. The 





CHAPTER 4: RESULTS AND DISCUSSION 
4.1 Initial Experiments and Stable Phosphorus Removal  
Initial precipitation experiments with granular sludge involved multiple 
precipitation cycles with 100 mM calcium pretreatment until the phosphorus removal 
and ending pH stabalized. This required seven precipitation cycles and the ending pH 
decreased from approximaetly 7 to 6.4 while the final total phosphorus concentration 
decreased from a high of 1.53 mM of P to 1.13 mM of P. Previous work by Habraken et 
al., demostrated a correlation between evolutions in solution pH and the formation and 
then transformation of prenucleation clusters into octacalcium phosphate. In their work 
they were able to show that prenucleation custers formed in a supersaturated solution 
of calcium and phosphate ions within minutes. Over time, as the solution was mixed 
there were characteristic drops in pH with the formation of calcium phosphate polymers, 
amorphous calcium phosphate, calcium deficient octacalcium phosphate, and 
ocatacalcium phosphate, shortly after each drop27. The drops in pH correlate to the 
release of protons from protonated phosphate species as additional calcium. The pH 
curves shown in figure 6 show that we were able to observe similar drops in pH 
suggesting a transformation from prenucleation clusters to octacalcium phosphate or 
calcium deficient octacalcium phosphate. From the pretreatment pH curves it is also 
clear that the 100 mM pretreatment encourages faster and more significant drops in pH 
suggesting a faster transition to OCP. In the Habraken at al., study the authors found 
that the transition from calcium phosphate polymers to octacalcium phosphate occurred 
over a period of 180 minutes. From figure 6 it can be seen that after 7 precipitation 
cycles with 100 mM pretreated granular sludge, our pH profiles suggest that the 
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transformation of calcium phospahte polymers to OCP requires 70 to 90 minutes with 
calcium enriched AGS present. The time for the transformation to OCP was significantly 
faster for this study then the transformation time required for the Habraken et al. study. 
This suggests that the presence of calcium enriched granules increases the rate of 
transformation to OCP in solution. This could be due to the reduced nucleation barrier 
provided by the calcium eneriched extracellular polymeric matrix of the granule or the 
increased calcium in solution provided by the enriched granule.  
             




Figure 7: Final P concentration achieved at each 100 mM pretreatment precipitation 
cycle. After multiple cycles the final P concentration stabalized well below the abiotic 
control. 
 
4.2 Impacts of Granule Presence and Granule Pretreatment on Phosphorus 
Removal  
Granule pretreatment with calcium decreases the time required for amorphous 
calcium phosphate to transition to octacalcium phosphate. After the intial preciptiation 
experiments and stable P removal and ending pH were achieved, all of the calcium 
pretreatment experiments were performed with the results shown in figure 8. As shown 
in figure 8, a negative control without granule addition resulted in the highest ending pH 
of 7.3, a biotic control run with granules without calcium pretreatment (labeled as 0 mM 
Ca in all figures) resulted in an ending pH of 7.2. Compared to these controls, when 
calcium pretreatment of the granules was introduced the ending pH decreased 
significantly. The lowest granule pretreatment with 5mM CaCl2 solution resulted in an 
ending pH of 7 and as the granule pretreament CaCl2 solution concentration increased 
to 100 mM the ending pH decresased to approximately 6.3. pH serves as an indicator 
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for the release of protons as phosphate species bind to calcium for calcium phosphate 
mineral formation. The lower pH achieved with calcium enriched granules suggests that 
more calcium was removed from the system and that a transition to more calcium rich 
CaP minerals such as OCP occured.  
 
Figure 8: (a) Average pH profiles for all of the granule pretreatment conditions. (b) 
Average pH profiles for the abiotic controls run with varying calcium solution 
concentrations. pH is monitored because it serves as an indicator for the release of 
protons as phosphate species bind to calcium for calcium phosphate mineral formation. 
(c) Total phosphorus concentrations over time in the abiotic controls. (d) Total 
phosphorus over time in the granule precipitation experiments.  
 
The presence of calcium pretreated granules caused a significant decrease in 
the final solution phosphorus concentration that could be achieved. The final 
phosphorus concentration reached 1.55 mM of P when untreated granules were present 
in the reactor, decreased to to 1.35 mM of P with 5 mM calcium treatment and 1.13 mM 
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of P when the granules were treated with 25 mM calcium chloride solution. Treatment 
with 50 mM and 100 mM calcium chloride solution resulted in final phosphorus 
concentrations similar to those observed with 25 mM pretreatment. These results 
suggest that 100 mM pretreatment may not be necessary to achieve significant 
phosphorus removal. Additionally, the difference between the final phosphorus 
concentration achieved with the untreated granules and calcium treated granules 
suggests that the presence of extracellular polymers is not solely responsible for 
increased total phosphorus removal and decreased ending pH. These results suggest 
that enrichment of the granule EPS matrix with calcium leads to a lower effluent 
phosphorus concentration and a transition to a lower ending pH. By reaching a lower pH 
the formation of denser and more structured calcium phosphate phases such as OCP 
occurred indicating a faster transition through the calcium phosphate transformation 
pathway. When compared to abiotic controls with increased solution calcium 
concentrations, similar final phosphorus concentrations were reached (1.1 mM of P) 
with 25 mM, 50 mM, and 100 mM AGS as to those reached with solution calcium 
concentrations of 4.1 and 5.1 mM. More work needs to be done to quantify the cation 
exchange capacity of the granules in order to better understand the impact of increased 
calcium and the the presence of EPS on improved phosphorus removal. and to also rule 
out that increased removal was solely due to increased solution superaturation. 
It is important to note that the control ran in parallel with the granule experiments 
exhibited results that suggested the solution contained less calcium than expected. 
From figure 8b it is clear that the control ran in parallel with the granule experiments, 
with a predicted calcium concentration of 3.1 mM, achieved the lowest P removal. 
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Additionally, results from the ICP analysis showed that the calcium concentrations used 
in this control as well as the granule experiments were lower than expected due to the 
low calcium to phosphorus ratios measured in the initial samples from both the granule 
and abiotic control precipitation experiments (figure 9). The unexpectedly low calcium 
concentrations were most likely due to the formation of calcite in the highly concentrated 
CaCl2 solutions used in these experiments.  
4.3 Impacts of Granule Presence and Granule Pretreatment on Phosphorus 
Removal Kinetics and Solution Turbidity  
The slowest rate of phosphorus removal was observed for the abiotic control and 
increased slightly when aerobic granular sludge and 5 mM calcium pretreated granular 
sludge were present. Significant increases in the rate of total phosphorus removal were 
observed for 25 mM, 50 mM, and 100 mM calcium pretreatment conditions. However, 
the increase in kinetics for the 25 mM, 50 mM, and 100 mM pretreatment conditions did 
not follow the same trend as the increase observed for total phosphorus removal. Total 
phosphorus removal leveled off after the 25 mM pretreatment conditon and similar 
removal efficiencies were observed for the 25 mM, 50 mM, and 100 mM pretreatment 
conditions. The kinetic rates oberseved for 25 mM, 50 mM, and 100 mM were 6.6 d-1, 
8.6 d-1, and 11.2 d-1 respectively (shown in figure 10). These results suggest that when 
considering the rate of total phosphorus removal the pretreatment condition is an 
important factor. Although removal under the 25, 50, and 100 mM pretreatment 
condition did not change, the pretreatment concentration significantly increased the rate 
of removal. It is likely that the increased calcium pretreatment concentration promoted 
higher rates of nucleation and formation of ACP within the granule which lead to more 
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rapid P removal and the increasing rates observed for the increasing pretreatment 
concentrations. Although the rate of P removal was higher for the increasing 
pretreatment conditions all of the enriched granule pH profiles indicated the formation of 
ACP which accounts for the majority of P removal. Therefore all of the conditions tested 
achieved similar P removal due to ACP formation which accounts for why similar final 
phosphorus concentrations were achieved for the 25, 50, and 100 mM pretreatment 
conditions. 
Total phosphorus removal rates were calculated based on the change in 
phosphorus concentrations within the first 60 minutes of the experiments in order to 
reflect the uptake of phosphorus due to ACP formation. The phosphorus removal was 
modeled using both 1st order and 2nd order kinetic rate equations with the 1st order rates 
being reported in this study. For all of the experiments including granule experiments 
and abiotic controls we were able to fit the rate equations well and observed R-squared 
values ranging from .8 to .99.  The kinetic rates were extracted from the toal 
phosphorus data displayed in figures 8 c and d. 
In terms of larger scale installations more concentrated pretreatment conditions 
could allow for decreased residence times in the reactor. The tradeoff between lowering 
reactor residence times and operational costs due to chemical costs for the calcium 
pretreatment would need to be weighed through a costing analysis. Additionally, the 
rate constants for total phosphorus removal were calculated for a wide variety of abiotic 
controls. Controls ran with 2.2 mM phosphorus and calcium concentrations varying from 
2.5 mM to 5.1 mM all resulted in kinetic rate constants lower than those observed for 
the 50 mM and 100 mM pretreatment conditions. These initial results suggest that the 
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presence of calcium pretreated granules significantly increases the solution calcium 
concentration over the course of the precipitation experiments. This increase in solution 
calcium concentration can be seen in figure 9, where at the end of the precipitation 
experiments for both the 5 mM pretreated granule condition and the abiotic control, 
calcium was depleted and the Ca:P ratio fell below .2. Modeling of the solution 
saturation with visual minteq found that for the 5 mM pretreated granule condition and 
the abiotic control the ending solutions were undersaturated for ACP (SI= -9.379), 
CaHPO4 (SI= -4.1), and HAP (SI= -2.237).   However, for the 50 mM pretreatment 
condition, the Ca:P ratio increased over the course of the experiment and resulted in a 
Ca:P ratio near 1.4 showing that the granules released calcium into solution over the 
course of the experiment. Visual minteq solution saturation modeling reported that the 
ending solution of the 50 mM pretreatment conditions resulted in a solution 
supersaturated with respect to ACP (SI= 2.28), CaHPO4 (SI= .828), and HAP (SI= 
6.237). It is clear that the calcium enrichment leads to calcium leaching into the solution 
which allows for continued superaturation over the course of the experimen. At this time 
more work is needed to determine the role of the EPS in granules, the presence of 
calcium in the matrix, the addition of calcium from pretreatment, or a combination of 
these factors in enhancing precipitation. From the conclusions drawn from the previous 
section as well as previous work showing an increase in calcium phosphate 
precipitation with the presence of collagen and polysaccharides it is most likely that all 
36 
 
of these factors are influenetial.   
 
Figure 9: Calcium to phosphorus ratios at the intital and final time points of 5 mM and 50 
mM pretreated granule experiments, as well as the abiotic control run at a predicted 
calcium concentration of 3.1 mM.  
 
 Solution turbidity was significanty lower for the granular experiemnts when 
compared to the abiotic control. The abiotic controls with solution calcium 
concentrations of 4.1 mM and 5.1 mM reached turbidity concentrations above 70 NTUs. 
However, the solutions containing granules pretreated with 50 mM calcium reached 
values near 40 NTUs. Similar final P concentrations were observed for the 4.1 and 5.1 
mM abiotic controls as those observed for the 50 mM pretreated granular sludge 
experiment, the lower turbidity in the granular experiments suggests that granules are 
able to enhance the coagulation of calcium phosphate minerals and reduce fines 
production. Additionally, when comparing the lower abiotic controls (2.5 and 3.3 mM 
calcium solutions) it is clear that the granules encourage faster ACP production, which 
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can then tranform into more calcium rich phases, coagulate, and be retained within the 
reactor over the course of the experiment. This varies from the 2.1 mM and 3.1 mM 
abiotic controls which resulted in high fines concentrations that were not retained within 
the reactor during the majority of the experiment.  
 
Figure 10: (a) turbidity prodcued over time for the abiotic controls run with 2.5 mM, 3.3 
mM, 4.1 mM, and 5.1 mM calcium. (b) Solution turbidity over the course of the 5 mM 
and 50 mM calcium pretreated AGS precipitation experiments. (c) Rates of phosphorus 




4.4 Granule Calcium Phosphate Accumulation     
 
From the ESEM images shown in figure 11 it can be seen that over the course of 
multiple precipitation cycles both calcium and phosphorus accumulated in the granules. 
The ESEM-EDAX images showed an increase in phosphorus weight percentages from 
4 % to 9 % at the end of phase 5 and the calcium weight perentages increased from 3% 
to 9% at the end of phase 5.  The increase in calcium and phosphorus deposits was not 
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visually observed however the increases in elemental weight percentages show that 
calcium and phosphorus were accumulated due to the preceipitation experiments. The 
results observed from our precipitation experiments varied from those observed in other 
granular sludge phosphorus recovery studies. Multiple aerobic and anaerobic grnaular 
sludge phosphorus recovery studies identified significant calcium and phosphorus 
deposits within the core of granules2,36,39,81. However, in these studies there was either 
significant EBPR activity, nitrogen removal, or methanogenic activity which encouraged 
precipitiation within the granule core2,36,39,81. In contrast, a study without successful 
EBPR activity identified mineral deposits dispersed throughout the granule and closely 
associated with filamentous bacteria68. This result is similar to the one reported here, 
where we identified calcium and phosphorus throughout the granule as opposed to 
being found primarily in the core.  













        Untreated Granule               Granule post phase 1           Granule post phase 5    
 
Figure 11: The first column displays a granule before precipitation experiments, column 
2 displays a granule at the end of the phase 1, and the third column displays a granule 
at the end of phase 5. The first row of images display an ESEM image of the granules, 
the second row displays the phosphorus elemental map, and the third row displays the 
calcium elemental map. 
 
 XRD was performed on granule samples collected after phase 5 as well as 
before any treatment or precipitation experiments, the results are shown in figures 12a 
and 12b respectively. It is clear from figure 12b that before treatment or preciptiation 
exposure there were no mineral deposits within the granules, the only identifiable 
feature of the XRD diffractogram was that of organic carbon which caused the broad 
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peak from 7° to 15° as well as the noise seen throughout the entire diffractogram. The 
diffractogram for the post phase 5 granules also showed significant noise due to the 
presence of organic carbon. However, there are multiple identifiable peaks that coincide 
with the HAP spectra. The peaks between 30° and 35° as well as between 47° and 55° 
suggest that a calcium phosphate mineral was retained in the granule. The granule 
peaks that coincide with the peaks of the HAP reference spectra are not as distinct and 
sharp as the HAP reference spectra, therefore the mineral formed is most likely not 
crsystalline HAP. However, the alignment of the reference spectra and granule peaks 
indicates that the more amorphous calcium phosphate minerals formed in the granule 
may have been transforming into HAP.   
 
 
Figure 12: (a) XRD diffractogram of the granules after phase 5 of the precipitation 





CHAPTER 5: FUTURE WORK 
 The results from this study show that aerobic granular sludge can be used to 
enhance the recovery and removal of phosphorus through the precipitation of calcium 
phosphate minerals. However, there is still much work to be done to better understand 
the mechanism behind enhanced calcium phosphate precipitation within AGS. The 
results showed that calcium enrichment increased the rate of ACP formation and 
allowed for a faster transition to more stable forms of calcium phosphate. However, the 
enrichment also lead to calcium leaching into solution which altered the solution 
saturation and made it difficult to determine the roles of calcium enrichment and the 
granular matrix. Future work will include determining the cation exchange capacity of 
the granules in order to better understand how calcium exchange into the granule 
impacts the solution supersaturation. Additional work will also include analysis of the 
unrecovered fines that are produced during this process. Through analysis of turbidity 
data we were able to determine that the granules reduced the production of fines and 
increased the retention of fines within the reactor. By analyzing the unrecovered fines 
we will also be able to determine the stability of the granules over the course of the 
experiments and determine the inorganic and organic composition of the fines 
produced.  
 Additional experiments should be performed in order to determine the agronomic 
value of the minerals recovered within the granular sludge. The XRD results suggested 
that a calcium phosphate mineral with peaks similar to HAP was formed within the 
granules. This suggests that the minerals formed and retained in the granule were 
becoming more crystalline and transitioning into HAP, which is known to be stable and 
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relatively insoluble in water. The next steps should be to determine the solubility of the 
HAP recovered as well as the conditions under which the minerals recovered could be 
applied directly as a fertilizer. Also, as stated earlier HAP has a similar composition to 
phosphate rock and it has been proposed that it could be directly used within current P 
rock processing frameworks. As a result further work should be done to study how the 
minerals recovered in granular sludge could be extracted and cycled back into the P 
rock processing chain. Another AGS research area includes the recovery of alginate like 
polysaccharides from waste aerobic granular sludge. This process involves complete 
degradation of the granule structure and it is possible that mineral extraction and 
recovery could be integrated into this resource recovery technology. Overall, much 
more work is needed to fully understand calcium phosphate precipitation with aerobic 
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